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E INFO ABSTRACT 
A process for hemicellulose fractionation and purification from wheat straw and bran has been investi­
gated. The aim was to define the efficiency of a pilot scale process combining twin-screw extrusion and 
refining steps such as ultrafiltration and chromatography, to replace alcoholic precipitation.   extraction 
trusion Extraction by twin-screw extrusion gave a complex extract containing only 22.7% c.arbohydrates. Evap­
oration (EV) followed by ethanol precipitation (P) and freeze-drying (FD), gave a 25.7% arabinoxylan yield ography with 24.1 % arabinoxylan content. The other purification process studied was based on a combination of 
ultrafiltration (UF). anion exchange chromatography (CHR) and freeze-drying (FD). without precipitation. 
lt gave a 24.3% yield of arabinoxylans into the hemic.ellulosic. powders and 13.9% arabinoxylan content. 
Despite the obvious interest of using ultrafiltration for demineralization and anion exchange chromatog­
raphy for decoloration, the purity of the final powder is still too low, bec.ause of difficulties in achieving 
separation of proteins and hemicelluloses and concentration of the solution, in the same step. 
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traw and wheat bran are sources of cell-wall polysac­
ch as hemicelluloses, cellulose and lignin. Wheat straw 
emicelluloses mainly consist of xylan type polymers. 
he most abundant cell wall polymers after cellulose in 
y of higher plants. They are formed of a linear chain 
ked �-o-xylopyranosyl units more or less branched by 
 on the 0-2. 0-3 position, or both, of the xylosyl units. 
 different types of side chains and extent of substitu­
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 CHR, ion exchange chromatography: AX, arabinoxylans; GX, glu­
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es associated with arabinofuranosyl residues, are also 
ort side chains of 2-3 sugar units. ln addition, acetic 
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ters. on xylosyl and arabinosyl residues. respectively. 
teroxylans are one of the most abundant organic mate­
h and have the potential to be incorporated into a wide 
plications, such as film-former substances, thickeners. 
 stabilizers and binders in the food, pharmaceutical and 
dustries [1,2). Nowadays, xylans recovery is of crucial 
 and is widely studied by many industries. petrochem­
otal) and food (ADM, Terreos) for their applications in 
. 
search has therefore been devoted to possible hemi­
actionation processes. and various extraction and 
 procedures to isolate xylans have been proposed. 
e. the influence of physical action such as ultrasound 
actability of xylan structures has been studied (4-6). 
sion treatment has also been investigated for recovery 
lans (7), but it results in severe degradation of the 
ith consequently low recovery yields (8) but is an 
l for monomeric sugar recovery (9) which is attractive 
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sor subsequent alcoholic fermentation or xylose transformation
10], but not for polymer isolation [8]. Alkaline reagents hydrolyze
ster linkages and break hydrogen bonds between hemicelluloses
nd the other cell-wall components, liberating hemicelluloses
n the aqueous media [1]. Different alkaline reagents (sodium,
otassium, lithium, calcium and barium hydroxides) or oxidizing
gents like hydrogen peroxide have been widely used [11–14].
However, although few authors have studied extraction of
emicelluloses on a pilot scale [15–18], it still needs to be devel-
ped on an industrial scale [10]. Combining twin-screw extrusion
ithNaOH, improved fractionationof thehemicellulosepolymerof
orn ﬁber [19]. And because twin-screw extrusion is a continuous
rocess that could be scaled up, it was investigated for straw/bran
o-extraction using sodium hydroxide. This technique combines
hemical, thermal and mechanical actions to recover extracted
olecules from the plant tissue by continuous squeezing in a screw
ress [18] and it has proved to be a very good method for the
lkaline extraction of hemicelluloses from wheat bran [20]. The
echnique gives lower extraction yields and selectivity than batch
xtraction, but it has the advantage of requiring less reagents and
ater [19–21]. Twin-screw fractionation leads to the production
f complex solutions containing the biopolymers, but also their
reakdown products and co-extracted molecules (proteins, lignin,
nd inorganic salts), thus it is important to develop puriﬁcation
teps. Classic procedure involves a combination of centrifugation,
ltration and alcoholic precipitation [22,23]. Alcoholic precipita-
ion is industrially integrated in many industrial polysaccharide
roduction processes, like xanthan production [24]. Nevertheless,
he problems link to alcohol recycling (costs and security) hinder
he industrial development of xylans production.
Many different puriﬁcation treatments have been studied such
s microﬁltration [16] and ultraﬁltration [8,25]. Ultraﬁltration was
sed to separate polysaccharides from co-extracted molecules,
mall oligosaccharides, monosaccharides and salts, in order to con-
entrate the solution and reduce the alcohol volume used for
recipitation [2,26–28]. This is a very attractive process because
t results in the partial demineralization and removal of small
olecules [8]. Hemicelluloses are puriﬁed because low molecular
ass solutes pass through themembranewhile largemolecules are
etained. Furthermore, xylans may be recovered from an aqueous
olution or suspension in powder form by freeze-drying or spray
rying [8]. But in some cases, the color of the extract remains dark
fter the ultraﬁltration treatment, leading to the production of a
ark-brown xylan powder. Thus, anion-exchange chromatography
ay be combined with ultraﬁltration to improve puriﬁcation prior
o powder recovery [2,6].
The objective of this study was to deﬁne on a pilot scale the
fﬁciency of a process combining twin-screw extrusion and reﬁn-
ng steps such as ultraﬁltration and chromatography, to replace
lcoholic precipitation for the production of fractions enriched in
ylans. This publication is an in-depth follow up to previously pub-
ished work [29].
. Materials and methods
.1. Extraction process
.1.1. Raw material pre-treatments
The extrusion was carried out using same origin wheat bran
nd straw (Arteris, France). Before extrusion, the bran (25kg) was
uspended for 15min in ten volumes of water at 40 ◦C in a 300L
apacity, stirred reactor. Here, the bran is washed from its starch
hat remains suspended in the wash water (starch milk). The latter
nd the branwere then separated three times by ﬁltration to obtain
tarch-free bran, which was then dried at 45 ◦C for 24h. Equipmentdetails have been previously described [30]. Wheat straw was ﬁrst
crushed using a hammer crusher (Electra BC-P) ﬁtted with a 6mm
sieve.
2.1.2. Twin screw extraction
Experiments were carried out using a co-penetrating and
co-rotating twin-screw extruder (Clextral BC45) (Fig. 1). The 1.4m-
long barrel of the extruder was composed of seven modules with
a dedicated proﬁle for alkaline treatment of plant matter. Four of
them (C, D, E and G) were heated by induction belts (5 kW) and
water-cooled (500–1000L/h). There were two reverse-pitch screw
elements with grooved peripheral slots in the screw for leakage
ﬂow, and a series of 1 cm-long bilobal elements with neutral pitch
splayed at 90degrees to each other, were used to knead the plant
matter. The 10 cm-long ﬁlter element (F) mounted on the last sec-
tion, was perforated with conical holes (1mm inlet, 2mm outlet).
This ﬁlter element was used to optimize solid/liquid separation
[18]. Wheat bran and sodium hydroxide were blended at room
temperature for 1h before extrusion. The initial liquid/solid ratio
was 7 and was increased to 10 just before extrusion. The mixture
was injected into the extruder (B) using an exocentric-screw pump
(Nemo, 2NE40A). Straw was also added at this level using a screw
feeder (A), and mixed with the alkaline dough in the ﬁrst zone of
the barrel through the neutral pitch element and the reverse-pitch
screw element successively.Washwaterwas injected downstream
from this zone (E) by a piston pump (Clextral, DKMK20-2-P32), and
the mixture was carried through the second reverse pitch located
just downstream of the ﬁltration module.
This exact screw proﬁle has been previously described [20] and
the conditions of extrusion for optimal hemicellulose yields were
as follows:
• bran/NaOH=2 (the weight of NaOH pellets is equal to 51.3% of
the bran organic content, and 7.2% of the total organic content
(straw+bran));
• straw/bran=6.2;
• screw rotation speed=150 rpm;
• wash water ﬂow=92kg/h;
• induction belt temperature =50 ◦C.
Screw rotation speed and barrel temperature were monitored
from a control panel. The extract was collected and kept in a cold
room before further processing, while the reﬁned cellulosic ﬁbers
were collected at the barrel outlet.
2.1.3. Liquid–solid separation
Two techniques were compared for the liquid–solid separa-
tion of the extract produced during extrusion. Centrifuge ﬁltration
(Rousselet, RC50), relies on the particle size difference. Batches of
20kg of extract were introduced into a 34 L capacity tank equipped
with a 10m porosity, 0.50m2 surface area polypropylene mem-
brane. Particleswere separatedat2000 rpmfor10min. Thisprocess
is not continuous and requires manual cake removal.
A continuous centrifuge separator (Alpha-Laval, CLARA20 LAPX)
equipped with 400m spaced discs was used for clarifying the
extract. The latter was introduced continuously at a ﬂow rate of
200 L/h via an impeller pump (Schneider, Reform B-FU). Clariﬁca-
tion was at 11,130g, and separated sludge was drawn off every
4min.
2.2. Puriﬁcation process2.2.1. Evaporation
The extract was concentrated by evaporation in a 300L reac-
tor with heater jacket (Tournaire). A vacuum pump lowered the
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aFig. 1. Twin-screw extruder conﬁgurati
ressure to −100mbar and steam injected into the jacket (Aura,
AXI120) heated the extract to 40 ◦C.
.2.2. Ultraﬁltration
Filtration apparatus comprised a 36 L capacity feed tank, a rheo-
tat controlled bilobal-pump, a ﬁltration cartridge and a pressure
auge to allow manual membrane pressure adjustment. Manome-
ersmeasured inlet andoutletmembranemodule pressure, and the
ransmembrane pressure (TMP) is the average of these two values.
he ultraﬁltration (UF) membrane used for the alkaline extraction
as of the hollow ﬁber polyethersulfone type (GE Healthcare, UFP-
0-C9A) with a molecular weight cut-off (MWCO) of 30kDa and a
urface area of 1.15m2. The module was 5.4 cm external diameter
nd 0.635m long, with 1300, 0.5mm-diameter ﬁbers per module.
Firstly, both permeate and retentate ﬂuxes were recycled in
rder to maintain a constant concentration during ultraﬁltration.
his procedure has been used to determine the inﬂuence of the
ransmembrane pressure (TMP) and the circulation ﬂow rate on
he permeate ﬂux, and deﬁne the optimal operating conditions for
xtract concentration. The latter was achieved by extracting the
ermeate ﬂux while still recycling the retentate ﬂux, and then the
xtract was concentrated by percolation through the membrane at
oom temperature. Permeate ﬂow rate was measured gravimetri-
ally with an electronic balance.
.2.3. Anion-exchange chromatography
Chromatography was performed with a strong anion-exchange
esin (RohmandHaas, Amberlite IRA958-Cl). Before use, 2 L of resin
as degassed for 24h in 6 L of stirred, demineralized water. Chro-
atography was on 12.5 L batches where the resin was stirred
ith the extract for 1h, and separation between extract and resin
erformed by Büchner-ﬁltration. Resin was then reconditioned
or 30min using deionized water and regenerated with 5 L of 2%
odium hydroxide solution. Adsorption was undertaken at 20 ◦C
nd at the extract pH of (11.9).
.3. Powder recovery.3.1. Alcoholic precipitation
Hemicelluloses were recovered at different steps of the process
fter acidiﬁcation of the extract and alcoholic precipitation. Aceticthe alkaline treatment of plant matter.
acid was added to the extract up to pH 5.5, followed by 3 volumes
of ethanol for 1 volume of solution. The mixture was then stored
at 4 ◦C overnight. Aggregated hemicelluloses were recovered by
squeezing the ﬁltration cloth.
2.3.2. Freeze-drying
For freeze drying (Cryo Rivoire, PILOT27), extract and precipi-
tated hemicelluloses were placed in aluminum trays. The samples
were cooled to −40 ◦C and the pressurewas decreased to 0.35mbar
allowing sublimation of moisture content, which then frozen in a
cold-trap. The temperature was then gradually increased to 20 ◦C
and dried samples recovered.
2.4. Analytical
Dry matter was gravimetrically determined at 105 ◦C over a
period of 24h. The ash content was determined by thermogravi-
metric analysis after incineration at 550 ◦C for 5h. Proteins were
measured on an automatedKjeldahl device. The speciﬁc factor (5.7)
used for the conversion of nitrogen content to protein content,
uses the average molecular weight of the amino acids in the bran
endosperm compared to the molar mass of nitrogen [31].
Individual neutral sugars were analyzed by gas-liquid chro-
matography (GLC) after hydrolysis (2h in 1M H2SO4 at 100 ◦C),
and conversion of individual sugars into aldidol acetates [30]. A
pre-hydrolysis step in concentrated sulphuric acid (72% w/v) was
carried out for 30min at 25 ◦Con the initial bran and straw. Samples
were then diluted with 2N H2SO4 and analyzed as above. An esti-
mation of the three cell-wall components contained in the solids
(cellulose, hemicelluloses, and lignins), was made using Van Soest
andWine’sADF-NDFmethod [32–34] for solid fractions. Lignincon-
centration was measured according to the Tapi norm T222 om 88
for acid-insoluble lignin. Matter treated with sulphuric acid was
ﬁltered on Whatman pre-weighed glass-ﬁber ﬁlters, washed with
deionized water and dried at 105 ◦C overnight before weighing.
Powder colors were determined (International Commission of Illu-
mination) using a Spectro-colorimeter (Konica Minolta, CM-508I).
The powder color was expressed three dimensionally using the
L*a*b* system. The L value gives the relative powder luminance
from total black (L* = 0) to total white (L* = 100). The a* value repre-
sents the color spectrum between red (positive values) and green
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sig. 2. Schematic representation of the processes evaluated. W=weight of matte
V=evaporation; UF=ultraﬁltration; CHR= chromatography; P =precipitation; FD=
negative values) and the b* value, that between yellow (positive
alues) and blue (negative values) [35]. All determinations were
arried out in triplicate.
. Results and discussion
.1. General description of the process
The global fractionation scheme is presented in Fig. 2. Pre-
reatment (crushing and destarching), is ﬁrst performed on a large
uantity of straw and bran (64.4 and 11.2 kg respectively). Twin-
crew extrusion is then carried out according to the conditions
reviously mentioned. During this fractionation step, thermal,
echanical and chemical actions are applied to the plant matter
o extract molecules from the tissues by continuous squeezing
n the screw press. Alkali/plant matter and straw/bran ratios, pH
f the media, temperature, and screw rotation speed are thus
rucial parameters [19]. The use of reverse pitch-screw elements
nduces a compression of the plant matter due to the decrease in
he ﬂow cross section. This phenomenon implies the formation of
dynamic plug at the end of the extruder, inducing compression,
hich improves the chemical action on the plant matter and leads
o liquid–solid separation even with a low liquid–solid ratio. This
tep results in the production of two fractions; one solid, composedlved in the unit process. %DM=percentage dry matter contained in the powder.
e drying.
of reﬁned straw ﬁbers, and the other liquid (extract), mainly con-
taining water-soluble compounds. Although twin-screw extrusion
combines extraction with a primary liquid–solid separation,
remaining insoluble particles must be removed before the puriﬁ-
cation step. Two liquid–solid separation technologies have been
investigated: centrifuge ﬁltration and continuous centrifugation.
Puriﬁcation of xylans is usually undertaken after evaporation
(EV), by alcoholic precipitation (P). This option has been tested
(named “EV+P+FD” in Fig. 2). However, because the costs of
the precipitation step could hinder the industrial development of
the process, substitution of this step by a combination of ultra-
ﬁltration (UF) and anion exchange chromatography (CHR), has
also been examined. Here, ultraﬁltration is also used to concen-
trate the extract and freeze-drying is performed directly onto it
(“UF+CHR+FD”). In order to evaluate the impact of each step on
extract content, these have been precipitated and freeze dried after
ultraﬁltration (“UF+P+ FD”) or precipitated and freeze dried after
anion exchange chromatography (“UF+CHR+P+FD”).
3.2. ExtractionThe twin-screw extruder provided a continuous fractionation
process and the results are presented in Table 1. They show that
extrusion allows an efﬁcient liquid–solid separation by producing
Table 1
Composition of the different fractions before and after twin-screw extrusion.
Composition Straw Destarched bran Extract Reﬁned straw ﬁbers
Total mass used or produced (kg) 64.4 11.2 400.8 151.0
Dry matter ﬂow rate (kg/h) 16.2 2.6 3.6 15.0
Dry matter (%) 91.5 93.4 3.1 34.5
Ash (wt% dry matter) 8.1 3.1 34.6 3.3
Organic matter (wt% dry matter) 91.9 96.9 65.4 96.7
Protein (wt% dry matter) 2.1 14.1 8.5 2.2
Cellulose (wt% dry matter) 39 15 n.d. 30
Hemicelluloses (wt% dry matter) 32 51 n.d. 28
Lignin (wt% dry matter) 9 6 n.d. 20
Total carbohydrates (wt% dry matter) 57.0 44.3 22.8 57.2
Arabinose 2.4 10.4 3.9 3.5
Xylose 22.2 18.7 9.0 21.5
Mannose 0.4 0.5 0.5 0.5
Galactose 0.8 1.0 0.8 0.8
Glucose 30.5 13.6 8.4 30.5
X/Aa 9.3 1.8 2.3 6.1
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polysaccharides.
Concerning carbohydrate content, centrifuge ﬁltration and cen-
trifugation give quite similar results except for the arabinose and
xylose that are slightly higher for centrifuge ﬁltration (+0.4% and
Table 2
Comparison of large-scale extraction with previous results on a small scale, and
using a stirred reactor.
Composition Extrusion
Large scale
Small scale
[20]
Stirred
extraction [18]c
Extract (after extraction)
Dry matter (%) 3.1 4.9 1.6
Ash (wt% dry matter) 34.6 23.1 54.0
Powders (after precipitation and drying)
Dry matter (%) 94.1 n.d. 93.0
Ash (wt% dry matter) 9.4 12.0 7.9
Protein (wt% dry matter) 12.9 14.1 5.0
Lignin (wt% dry matter) 10 18.4 n.d.
Total carbohydrates (wt%
dry matter)
48.4 48.3 52.0
Organic matter yield (%) 29.3a/4.6b n.d. 35.0
X/A 2.8 2.1 1.9
a Calculation refers to bran, expressed as the dry weight of recovered matter inX/Ga 0.7
a X/A is the ratio between xylose and arabinose contents, X/G is the ratio betwee
wo fractions: reﬁned strawﬁbers,with a relatively high drymatter
ontent (34.5%); and an extract containing mainly the water-
oluble compounds (3.1% of dry matter content). The dry weight
f the reﬁned straw ﬁber fraction is composed mainly of cellu-
ose (30%), hemicelluloses (28%) and lignin (20%),which, apart from
ignin content, are close to the initial straw composition (39%, 32%
nd 9% respectively). The carbohydrate composition of the reﬁned
traw ﬁbers is also very similar to the initial straw composition,
ith about 30% glucose, 22% xylose and small amounts of galac-
ose and mannose, with a slightly higher arabinose content. The
/G ratio is very similar (around 0.7) while the X/A ratio decreases
rom 9.3 in the straw to 6.1 in the reﬁned straw ﬁber. The increase
n the arabinose proportion suggests that bran residues contam-
nate the straw ﬁbers. This means that straw extraction remains
ow even if a part of its components could be co-extracted with
hose of the bran, and conﬁrms that during twin-screw extrusion,
traw is mainly needed to support bran material in the extruder to
mprove the liquid–solid separation. As bran is pre-soaked in alkali
h before the extrusion, hemicelluloses are mainly extracted from
his [18,29].
Becauseof the largequantitiesofwashwater introduced into the
xtruder, large amounts of extract areproduced (400.8 kg)with low
ry matter content. Similar results are usually found after extru-
ion [19]. The dry matter of the extract is mainly composed of ash
34.6%), carbohydrates (22.7%), proteins (8.5%) and probably a frac-
ion of lignin that was not determined. The extract X/A ratio, which
s close to the bran ratio, conﬁrms that hemicelluloses comemainly
rombran. Theextract alsocontainsa largeamountofglucose (8.4%)
hat comes from mixed linked -glucan that is co-extracted with
ylans, but also from starch not removed by the destarching step.
Results obtained for the large-scale extrusion can be compared
o results obtained for extraction in a stirred reactor, and for small-
cale extrusion (Table 2).
Extrusion produces an extract containing a large amount of ash
34.6%), which comes from the considerable quantities of sodium
ydroxide used during twin-screw extrusion (low bran/NaOH
atio). This value is smaller than in the extract obtained under
tirred conditions, but is about 10% higher than the concentration
btained with small-scale twin-screw extrusion.
However, regarding ﬁnal powder composition, results obtained
n a large scale (several hours production) are very similar to those
btained on a small scale (20min production). In fact, after pre-
ipitation and freeze-drying, carbohydrates represent about 48% of
he dry matter powder for both. This value is slightly lower com-
ared to those obtained by extraction in a batch stirred reactor
52.0%) but similar to results obtained in another study [19], due1.1 0.7
se and glucose contents.
to the mechanical action of twin-screw extrusion which leads to
the co-extraction of other molecules (e.g. proteins). Nevertheless,
if only bran is considered, the organicmatter yield is slightly higher
in batch stirred conditions (35.0%) than during extrusion (29.3%),
Mass balance indicates that a large part of the xylans, and also of the
proteins, of the bran remains entrapped in the strawﬁber. Thus, the
produced rafﬁnate presents interesting properties for biomaterial
production as describe in a previous publication [36].
3.3. Liquid–solid separation
The liquid–solid separation step decreases the quantity of dry
matter in the extract from 3.1% to about 2.5% (Table 3). This reduc-
tion is mainly due to suspended material being removed, which is
essential for the subsequent ultraﬁltration step. And this implies a
loss of organic matter, providing a yield of 61.7% for centrifugation
and 67.6% for centrifuge ﬁltration. The percentages of ash and pro-
teins are increased while the sum of carbohydrates is decreased,
showing that the particles in suspension are mainly composed ofthe extract/dry weight of this matter in bran.
b Calculation refers to (bran+ straw), expressed as the dry weight of recovered
matter in the extract/dry weight of this matter in (bran+ straw).
c The results were obtained for stirred batch extraction of bran only with a liq-
uid/solid ratio of 50, and a bran/NaOH ratio of 2.
Table3 
Extract composition after centrifugation and centrifuge filtration. 
Composition Extract 
Total mass produced (kg) 400.8 
Dry matter flow rate (kg/h) 3.6 
Dry matter (%) 3.1 
Ash (� dry matter) 34.6 
Organic matter (wt% dry matter) 65.4 
Protein (�dry matter) 8.5 
Total carbohydrates (wtil: dry rnatter) 22.8 
Arabinose 3.9 
Xylose 9.0 
Mannose 0.5 
Galactose 0.8 
Glucose 8.4 
Organic matter yield (%)' 
(X+ A) yield (%)" 
X/A' 2.3 
XJG• 1.1 
• Obtained with 196.0 kg from the 400.8 kg of extract.
b Obtained with 204.8 kg from the 400.8 kg of extract.
Centrifuged 
extract 
179.0• 
4.5 
2.4 
42.9 
57.1 
10.3 
19.9 
3.0 
6.9 
0.4 
0.6 
8.9 
61.7 
61.9 
2.3 
0.8 
Filtered 
extract 
185.lb 
0.5
2.6 
41.6 
58.4
10.9 
20.8 
3.4 
7.5 
0.3 
0.7 
8.8 
67.6
69.8
22
0.9
' Yield in organic matter of the centrifugation step ( content of organic matter
in the extract after centrifugation/content of organic matter in the extract before 
centrifugation
• (X+ A) is th
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n of the carbohydrate content of the extract. The galac­
nnose contents remain the same but a small decrease
nose fraction can be observed (-0.9% for centrifugation
for centrifuge filtration), as well as an increase in the
tion ( +0.5% and +0.4%). The most significant change con­
lose fraction that decreases from 9.0% to 6.9% (-2.1 %)
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he X/G decreases from 1.1 to 0.8, which appears logical
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ays almost constant.
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perature was 20°C. The tangential velocity of 0.10 m/s was obtained with a feed flow rate filtration cake has to be removed periodically by hand, 
at this step is not very efficient at this pilot process scale. 
ce in dry matter flow rate is significant ( 4.5 kg/h and 
pectively): centrifugation is nine times more efficient 
the extract, showing that it is a better option in the 
ign. Thus, the following results will only describe the 
on option ( even though the extract from the centrifuge 
s in fact been fractionated using the same protocol as 
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tration and purification 
centration step is undertaken in order to reduce the 
 be treated, and therefore the costs of the subsequent 
e process [2,26-28). Traditionally, concentration was 
by evaporation, but ultrafiltration was also a well­
 separation process in industry (20), and membranes 
trate but also purify complex mixtures containing 
ides. Law molecular mass solutes pass through the 
white large molecules are retained, allowing separation 
inoxylans from co-extracted molecules. Therefore this 
as been investigated for purification, especially dem­
n, in view of the large ash content of the centrifuged 
9%). 
ation has been undertaken with a 30 kDa MWCO mem­
 light of previous results [ 18 ). Membranes with a 10 kDa 
usually used in the literature, but this higher MWCO 
lected because it allows bath, concentration of arabi­
d partial demineralization, plus higher permeation flow 
embrane surface phenomena during ultrafiltration 
igated, by studying the influence of the TMP on the per­
when a steady state was reached. These measurements 
 at different circulation speeds (0.10, 0.12, 0.15, 0.23 
s, corresponding respectively to 93, 114, 139, 209 and 
tract circulation flow rates). This approach allows inves­
the capability of ultrafiltration to achieve purification, 
tion of possible membrane fouling. 
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Table 4
Composition of the extract after each concentration and puriﬁcation step.
Composition Centrifuged extract Evaporate Retentate Percolate
Mass (kg) 179.0 23a 61.1b 29.9c
Dry matter (%) 2.4 5.7 3.5 3.0
Ash (wt% dry matter) 42.9 43.1 34.4 35.4
Organic matter (wt% dry matter) 57.1 56.9 65.6 64.6
Protein (wt% dry matter) 10.3 10.5 13.9 10.2
Total carbohydrates (wt% dry matter) 19.9 21.4 27.6 30.1
Arabinose 3.0 3.2 4.1 4.5
Xylose 6.9 7.4 10.0 11.1
Mannose 0.4 0.5 0.4 0.4
Galactose 0.6 0.6 0.8 0.8
Glucose 8.9 9.6 12.1 13.1
X/Ad 2.3 2.3 2.4 2.5
a Obtained after evaporation of 56.1 kg of centrifuged extract.
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CObtained after ultraﬁltration of 122.9 kg of centrifuged extract.
c Obtained after percolation of 30.7 kg of retentate.
d X/A is the ratio between xylose and arabinose contents.
ncrease the permeate ﬂux, by a factor of about 2, depending on the
MP, over a longperiod (more than twodays). This result conﬁrmed
hat fouling was not the main cause of the ﬂux decline. Thus, the
ptimal conditions for concentration can be deﬁned as the highest
irculation ﬂow rate (247kg/h) with a pressure below the critical
ressure (1.8 bars).
The centrifuged extract has been concentrated with a volume
oncentration rate of 2 by evaporation or ultraﬁltration depend-
ng on the process route. Only the ultraﬁltration retentate has
een percolated through the anionic resin (Fig. 2). The evaporated
xtract (evaporate) composition, and those of the extracts puri-
ed by ultraﬁltration alone (retentate), and ultraﬁltration followed
y anionic chromatography (percolate), are shown in Table 4. Con-
erning evaporation, concentration is effective since the drymatter
ontent is about twice as high. Protein, ash and carbohydrate pro-
ortions remain stable and the recovery in dry matter is 97.4%. This
ow loss can be explained by the fact that very little extract is lost
n the evaporation reactor.
Concentration by ultraﬁltration reduces the ash content from
2.9% to 34.3%. The demineralization rate reaches 42.1% (weight
f mineral content subtracted from the extract/weight of min-
ral content of the extract introduced before ultraﬁltration) and
ould be increased if the concentration was followed by a diaﬁl-
ration step [8]. The carbohydrates show a high recovery yield,
eaning that the membrane is selective enough for this kind of
ompound. Thus, the carbohydrate concentration increases espe-
ially for xylose, arabinose and glucose. All these results conﬁrm
hat ultraﬁltration can both concentrate and partially purify the
xtract.However, protein content increases showing that themem-
rane retains all large molecules. Two successive ﬁltration steps
able 5
omposition of powders for each process route.
Composition EV+P+FD
Mass (kg) 0.53
Dry matter (%) 94.1
Ash (wt% dry matter) 9.4
Organic matter (wt% dry matter) 90.6
Protein (wt% dry matter) 12.9
Lignin (wt% dry matter) 12.7
Total carbohydrates (wt% dry matter) 48.5
Arabinose 6.4
Xylose 17.8
Mannose 0.4
Galactose 1.1
Glucose 22.5
X/Aa 2.8
a X/A is the ratio between xylose and arabinose contents.would therefore be required for polysaccharide puriﬁcation: one
to purify the extract from proteins, the other to evacuate the ash.
Percolationof the retentate on the resin induces a slight increase
in ash, showing that the ﬁxation mechanism is not ionic exchange.
If it were, chloride ions would have been released from the resin
and the ash proportion would have been higher. Studies were
made to select the best decoloration resin. Under these pH con-
ditions (the extract pH is high at 11), only strong anionic resin
remained charged and could retain the charged lignin, and this
resin also had a high backbone adsorption capacity, explaining
why it was the most efﬁcient. However, this treatment does not
signiﬁcantly change the carbohydrate composition, although it
increases the purity. The actual L* values are as follows: 56.8 for
(EV+P+ FD), 58.9 for (UF+P+ FD), 61.9 for (UF+CHR+P+FD) and
47.2 for (UF+CHR+FD). This L-value corresponds to the brightness
of the powder, the higher the L value, the whiter the powder. The
ﬁgures show that ultraﬁltration and chromatography remove col-
ored compounds, but that this combination is less efﬁcient than the
precipitation step.
The objective of this part was to study the possibility of replac-
ing evaporation and alcoholic precipitation by a combination of
ultraﬁltration and anion exchange chromatography. Thus, after
each step of the process, the puriﬁed extract has been freeze dried
in order to evaluate the composition of the powder obtained,
and the inﬂuence of each puriﬁcation step on the composition of
the ﬁnal powder is given in Table 5. Direct precipitation of the
extract after evaporation (EV+P+ FD) leads to the production of
a powder containing 90.6% organic matter, and the latter is mainly
composed of carbohydrates (48.4%). Precipitation is a selective
technique for separating large and small molecules, and therefore
UF+P+ FD UF+CHR+P+FD UF+CHR+FD
0.59 0.17 0.48
95.5 95.4 89.6
5.5 5.2 15.7
94.5 94.8 84.3
15.6 13.5 8.3
24.7 23.3 10.2
46.7 50.7 28.0
6.6 7.1 3.9
17.6 18.8 10.0
0.3 0.3 0.4
1.2 1.2 0.7
20.7 23.0 12.8
2.7 2.6 2.6
Table 6
Production and puriﬁcation yields for each process route.
Yields EV+P+ FD UF+P+ FD UF+CHR+P+FD UF+CHR+FD
Dry matter (%)a 30.9 32.3 28.5 47.2
Organic matter (%)a 29.3 31.7 27.9 39.6
(X+A) (%)a,c 25.7 24.6 25.4 24.3
Dry matter (%)b 4.7 4.9 4.3 7.2
Organic matter (%)b 4.6 5.0 4.4 6.4
(X+A) (%)b,c 4.5 4.3 4.4 4.2
(X+A) purityd (wt% dry matter) 24.1 24.2 25.9 13.9
Puriﬁcation yield (%)e 88.1 93.4 87.2 77.8
a Calculation refers to bran, expressed as the dry weight of recovered matter in the powder/weight of this matter in bran.
b Calculation refers to (bran+ straw), expressed as the dry weight of recovered matter in the powder/weight of this matter in (bran+ straw).
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d Content of (X+A) in the powder (wt% dry matter).
e Puriﬁcation yield is the yield in (X+A) for the combination: (EV+P+ FD), (UF+P
or removing salts, but in this case it leads to the recovery of all the
arge molecules, i.e. the proteins (13.5%) and the lignins (23.3%).
he monomeric sugars recovered are mainly glucose, arabinose
nd xylose. As glucose is retained, it can be assumed that here it is
erived from a large polymer, starch or glucomannans for example.
Ultraﬁltration is an efﬁcient tool for demineralization
UF+P+ FD and UF+P+CHR+FD), reducing the ash content
rom 9.4% to 5.5%, but it does not change carbohydrate purity.
Chromatography (UF+P+CHR+FD) increases the purity of the
xtract recovered after precipitation, by reducing the protein and
ignin content (from15.6% to 13.5% and from24.7% to 23.3% respec-
ively).
The process combining ultraﬁltration, chromatography
nd freeze-drying without involving ethanolic precipitation
UF+CHR+FD), leads to the production of a powder containing
.7% ash. The organic fraction is composed of carbohydrates (28.0%)
ut also of protein (8.3%). The unidentiﬁed part of this fraction is
onsiderable, but is composed of all the small molecules that are
ot recovered during precipitation. These results clearly indicate
hat ultraﬁltration and anion exchange chromatography have a
imilar action to alcoholic precipitation, but that their efﬁciency is
oo low to be introduced instead of ethanolic precipitation.
For the classical process (EV+P+ FD), the production yield is
5.7% in (X+A) and 29.3% in organic matter (Table 6). The recov-
ry yield in arabinoxylans is high, considering the short residence
ime of the plant matter in the twin-screw extruder, but lower
han the yields obtained with batch extraction [16]. Furthermore,
xtrusion is an unselective process and leads to the co-extraction
f other molecules apart from arabinoxylans, with a high recovery
ield. Thus, when combined with ultraﬁltration, chromatography
nd precipitation, the extrusion process leads to a powder with an
rabinoxylan purity of 25.9% maximum.
Ultraﬁltration is an efﬁcient tool for concentration of arabinoxy-
ans,with a (X+A) yield of almost 100%, very similar to evaporation.
evertheless, it also increases the protein content. Chromatogra-
hy allows removal of the colored molecules but does not change
he recovery yields, and the arabinoxylan powder purity remains
he same. Therefore, the use of ultraﬁltration and anion exchange
hromatographybeforeethanolicprecipitationdoesnot change the
ecovery yield and only increases arabinoxylan purity by less than
%.
However, a process without ethanolic precipitation
UF+CHR+FD) leads to a very similar (X+A) recovery yield
24.3%), but increases the organic recovery yield (39.6%), and thus
he purity of the powder is twice as low as in the case of precip-
tation (13.9% instead of 25.9%). A process without precipitation
ppears to be possible but would require an extra step to separate
rotein and hemicelluloses.
The typical lignocellulose reﬁnery scenario is based on the prod-
ct streams that (1) all isolated sugars areused toproduce cellulosic, (UF +CHR+P+FD) and (UF+CHR+FD).
ethanol or biobased products, and (2) all the residues, including
lignin and residual cellulose, are used as burning fuels to gener-
ate steam and electricity. According to [37] three large obstacles
to proﬁtable biomass bioreﬁneries are (1) high processing costs,
(2) huge capital investment ($4–10/gallon of annual ethanol pro-
duction capacity), and (3) a narrow margin between feedstock
and product prices. Considering $50/ton for feedstock, it is a great
challenge that the narrow margin between cellulosic ethanol and
feedstock ($95/ton, i.e., $1.20–1.30/gallon of ethanol) will pay off
the sum of capital depreciation ($4–10 capital investment per
gallon of annual ethanol production), processing costs (steam,
enzyme, electricity, etc.), and operating costs. Bioreﬁnery designers
must take advantage of synergies between the production of both
biofuels andhigh-valuebiobasedproducts because the latterwould
enhance the economy of biomass bioreﬁneries. Complete utiliza-
tion of the biomass: glucose to ethanol, xylose and other minor
sugars for high-value products, lignin for polymeric materials, and
acetic acid as a commodity can completely change theproﬁts linked
to theprocess.With suchascenario, thepotential revenuesofbiore-
ﬁneries could be $145/ton of corn stover [37]. Such valorization
could pay off costs of technology like ion chromatography in the
puriﬁcation process. Chromatography is used for beer stabilization
through the removal of the phenolic compounds, at price similar
to membrane ﬁltration processes [38]. Membrane ﬁltration cost
has been evaluated at laboratory scale, and indicated that the pro-
duction price would be about 0.7D /kg of xylans [39], which would
correspond to 21D /ton of treated corn stover according to previous
data [29].
4. Conclusions
The aim of this work was to evaluate at large scale the perfor-
mance of a continuous hemicelluloses production process. From
the experiments, it appears that extrusion is an interesting continu-
ous process for lignocellulosic plant fractionation. After twin-screw
extrusion, a part of the releasedmolecules is still in particulate form
that can be removed by liquid–solid separation.
The puriﬁcation of the extract has been evaluated by combina-
tionof ultraﬁltration and industrial chromatography and compared
to the classic evaporation/precipitation process. Ultraﬁltration
appears to be an efﬁcient alternative to evaporation, since it allows
both concentration and puriﬁcation. Ultraﬁltration could be there-
fore used instead of evaporation before any other puriﬁcation step
like precipitation. Chromatography is efﬁcient at decoloring the
extract, and purifying it from proteins. This step is very speciﬁc
to organic molecules and could be used for lignin and derivatives
recovery.
The combination of ultraﬁltration and chromatography without
the ethanolic precipitation step, leads to the production of powders
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[ith a high salt content and also proteins and lignins. This process
emains attractive because demineralization could be improved by
iaﬁltration before the concentration step and thus would increase
he powder purity. Finally, from these results it appears that the
aboratory scale puriﬁcation technology of alcoholic precipitation
ould be replaced by a combination of ultraﬁltration and chromato-
raphic steps.
As proteins remain with xylans in the retentate, during ultra-
ltration with the 10kDa membrane, it should be interesting to
valuate the protein/hemicelluloses separation by ultraﬁltration
ith a membrane with a higher MWCO. Furthermore, as part of
he hemicelluloses remained entrapped in the solid residue, an
xtra liquid–solid extraction stepwill evaluated inorder to increase
he xylan recovery yield. This washing step would also produce a
urer cellulosic residue that could be therefore useful for high value
dded biomaterial instead of particleboards.
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